We investigate robust optical wireless communication in a highly scattering propagation medium using multielement optical detector arrays. The communication setup consists of synchronized multiple transmitters that send information to a receiver array and an atmospheric propagation channel. The mathematical model that best describes this scenario is multi-input to multi-output communication through stochastic slow changing channels. In this model, signals from m transmitters are received by n receiver-detectors. The channel transfer function matrix is G, and its size is n ϫ m. G i,j is the transfer function from transmitter i to detector j, and m ജ n. We adopt a quasi-stationary approach in which the channel time variation has a negligible effect on communication performance over a burst. The G matrix is calculated on the basis of the optical transfer function of the atmospheric channel (composed of aerosol and turbulence elements) and the receiver's optics. In this work we derive a performance model using environmental data, such as documented turbulence and aerosol models and noise statistics. We also present the results of simulations conducted for the proposed detection algorithm.
INTRODUCTION
Optical wireless communication (OWC) is rapidly gaining popularity as an effective means of transferring data over short distances. 1 Notably, OWC facilitates rapidly deployable, lightweight, high-capacity communication without licensing fees and tariffs. However, OWC still faces many challenges, including how to improve communication performance and boost the data rate in adverse weather conditions or during building sway. 2, 3 In response to the demand for higher transmission rates in OWC, researchers have explored the use of multiple-element, optical wireless communication (ME-OWC). The idea of MEOWC was adapted from MIMO (multi-input to multioutput) communication system theory. MIMO communication techniques are currently under extensive investigation in the RF frequency spectrum for transmissions over "rich scattering environments." 4, 5 Particularly in the RF field, MIMO communication techniques are used to provide channel capacity that is greater than the well-known Shannon capacity for a single channel. 6 The expansion of known RF MIMO communication techniques to OWC may significantly improve its performance and reliability both indoors and outdoors.
Recently, a realization of the MIMO technique for indoor OWC was proposed in Ref. 7 . The researchers used a 512ϫ 512-pixel LCD panel and a 154ϫ 154-pixel CCD camera for a short-range OWC link. It was shown that the use of spatial diversity and spatiotemporal coding techniques provides large gains in spectral efficiency and thereby improves the performance of an OWC system. 7 In our work we propose to use MIMO communication system theory to improve uplink performance of outdoor OWC. A MEOWC configuration includes a constellation or array of optical emitters that send information to a receiver-detector array through an atmospheric channel. In the past, receiver-detector arrays have been used as a means to combat problems caused by laser beam scintillation over the detector plane due to turbulence and scattering. 2 This enables the receiver to have a wider field of view, and the noise power can also be controlled so as to decrease the bit error rate (BER). 8 The array scheme additionally enables the reception of a large number of optical signals simultaneously, thus realizing the principal idea of MIMO communication. An example of such a system is depicted in Fig. 1 . The end user station contains an array of simultaneously transmitting lasers, and the network node contains the receiver array.
As the number of laser beams in this system increases the laser spots on the receiver array overlap and mix as a result of atmospheric turbulence and aerosol scattering. Turbulence is due to variations of temperature and humidity within the propagation media and causes scintillation of light and beam wander. Hence, the amplitude of the received signal fluctuates over time and the position of the incident light shifts in space. Scattering can be de-fined as the deflection of incident light from its initial direction. The deflection causes spatial, angular, and temporal spread. The precise scattering mechanism is dependent on the particle's index of refraction and the ratio of its size to the radiation wavelength. The mixing of the spots on the detector array surface causes interference between the received signals and, as a result, an increase in the BER.
Mathematical analysis of the interference between signals requires tracing the beam from the laser to the detector plane. The propagation path includes the transmitter optics, the atmosphere, and the receiver optics. The optical transfer function (OTF) describes the relationship between input and output power distributions in the spatial frequency domain that is a result of the propagation path. If we know the statistics of the OTF it is possible to estimate the communication performance 3 and in some cases also to improve it by adaptive methods.
In this work we assume burst-mode digital communication employing terrestrial wireless optical links. The channel is static during the burst. The channel characteristics may change from burst to burst. To employ further signal processing we assume that the communication system is synchronized. In this case, the performance of the synchronized MIMO system can be estimated by methods used in RF analysis such as the BLAST (Bell Labs layered space-time) architecture methods. Here we present the three-step, detected-signal processing method used in the V-BLAST (Vertical BLAST) architecture. To facilitate the detection technique application, various aspects of the MEOWC are kept simple. This means, for instance, that narrowband operation is assumed so that the channel characteristics are considered flat across the frequency band. We also concentrate on uncoded data transmission systems with a simple On-Off Keying (OOK) modulation.
In this paper, a test implementing the algorithm will operate at 0.5 gigabit/ s for each link with up to m =36 transmitting lasers and n = 36 receiving detectors (6 ϫ 6 detector matrix). Communication system performance parameters are measured in terms of block error rate (BLER). A block error occurs when a burst contains at least one erroneous bit.
Utilization of detector array schemes in wireless optical communication is described in Refs. 2, 3, and 8-10. OTF applications and estimations are discussed in Refs. 3, 11, and 12. Related literature for the V-BLAST technology can be found in Refs. 13-15.
MATHEMATICAL MODEL FOR CHANNELS EMPLOYING MULTIELEMENT OPTICAL WIRELESS COMMUNICATION
We study the behavior of MEOWC performance and capacities through analysis and simulation for the case when the transmitter has no knowledge of the channel and operates independently, regardless of the environmental conditions in the atmospheric channel. The receiver has knowledge of the channel through the externally supplied channel matrix G, and optimal signal processing is performed by the receiver. Channel matrix G is derived from the channel OTF that describes the channel influence on the optical signals in terms of spatial frequency. The relationship between the OTF and G is described in Section 3 below. A schematic communication system is depicted in Fig. 2 . We now list notations and some basic assumptions:
• Noise at the receiver ͑t͒: additive white Gaussian noise in an n-dimensional vector space (n-dimensional AWGN) with statistically independent components of identical power 2 = TH 2 + BG 2 + DC 2 ; the components of 2 noise are thermal, background, and dark current noise. We assume that the noise is equal at each of the n receiver-detectors. Moreover, we assume that the thermal background and dark current noise sources dominate by comparison with the shot noise. In other words, noise is signal independent. This assumption considerably reduces the level of complexity for our system evaluation.
• Transmitted signal s͑t͒: m-dimensional transmitted signal vector. The total power is restricted to P 0 regardless of the number of transmit lasers m. The bandwidth is narrow; therefore the characteristics of the channel are treated as flat over the frequency. We also define maximum achievable received power for every link P max .
• Signal-to-noise ratio at the receiver for every detected signal of m transmitted: SNR j .
• Burst size l: the number of vector symbols in one burst.
• Matrix channel impulse response g͑t͒: The time response is represented by the matrix function g͑t͒ with m columns and n rows. Under the assumption of a narrow bandwidth, g͑t͒ is a matrix delta function. Hence, except for g͑0͒, g͑t͒ is a zero matrix. The Fourier transform of g͑t͒ is denoted by G͑f͒.
The basic vector equation that describes the channel is
With the narrowband assumption, we can replace the convolution in Eq.
(1) by a simple product and rewrite it in the form r͑t͒ = g͑t͒s͑t͒ + ͑t͒. ͑2͒
CHANNEL IMPULSE RESPONSE G FOR MULTIELEMENT OPTICAL WIRELESS COMMUNICATION LINKS
In wireless optical communication the channel is the atmosphere. Both spatial and temporal distortions of propagating optical signals are caused by phenomena such as aerosol scattering and turbulence. The influence of the receiving optics can also be incorporated into the channel matrix using the spatial frequency approach. 16 In this section we define the OTF and its main components, and then we outline the conversion technique that facilitates the calculation of the channel matrix response G.
A. Channel Optical Transfer Function
In electronics, the transfer function is defined as the Fourier transform of the impulse response. The OTF is defined similarly, but is normalized to its own maximum value, which normally occurs at zero spatial frequency, as follows 17 :
where f = ͑f x , f y ͒ is the spatial frequency in lines per meter and S͑f x , f y ͒ is the Fourier transform of the optical pointspread function (PSF) s͑xЈ , yЈ͒. The resulting received signal transformation is governed by
where P obj ͑f x , f y ͒ and P img ͑f x , f y ͒ are the intensities of the input p obj and output signals p img in the spatial frequency domain, and ͑f x , f y ͒ is the channel's OTF. The channel's OTF is given by
where opt ͑f x , f y ͒ is the optical hardware OTF, aer ͑f x , f y ͒ is the aerosol scattering OTF, and tur ͑f x , f y ͒ is the turbulence OTF. The resulting PSF is given by
where xЈ and yЈ are spatial coordinates in the receiver plane and are defined as
Z is the distance from the transmitting group to the receiver and F is the focal length of the receiving optics. The first factor in signal distortion is aerosol scattering. The aerosol scattering OTF describes scattering of photons by airborne particulates to directions other than that of their original propagation. 17 As a result, the received irradiance of the signals propagated through the atmosphere is diminished from that in the object plane. However, if the light scattering is at very small angles with respect to the original directions of propagation, then forward-scattered radiation can take roundabout paths and still be received by the imaging system together with the unscattered radiation. Many multiple-scattering paths give rise to a relatively large blurred-point image rather than a fine sharp-point image. The main scatterers in the earth's atmosphere are molecules of air and aerosols. The scattering OTF used here does not account for the multiple scattering. The multiple-scattering phenomenon is peculiar to long optical paths and highly scattering media such as clouds or heavy fog. Moreover the multiple scattering introduces time delay and spread of the signal. 17 Therefore it is not taken into account here. The second factor of signal distortion is turbulence. A turbulent medium is characterized by variations in the index of refraction. These variations are the result of inhomogeneities in the atmosphere. These are caused by thermal variations resulting from heat transfer between the earth and air. The variations are set in motion and mixed by wind and mechanical turbulence of airflow over the terrain. The propagation of the beam through zones of different refractive indices is described by the turbulence OTF. In contrast to the case of scattering, the turbulence OTF describes the time-averaged power distribution of a signal in the receiver plane. 17 Thus, the turbulence OTF depends on the integration time of the detector.
The detector integration times for optical wireless communication are of the order of nanoseconds or less. 17 We assume that the aerosol scattering and turbulence OTF comply with very short integration times, however, this assumption must be investigated experimentally and analytically in future research work. We incorporate the optical hardware OTF into the optical path OTF and as-sume diffraction-limited optics. A full description of diffraction-limited OTF can be found in Ref. 16 . It is well known that the time scale of atmospheric changes is of the order of milliseconds. Therefore we assume that the channel is static between training and data sequence.
B. Conversion of Optical Transfer Function to g"t…
In order to implement the proposed signal detection algorithm we convert the OTF ͑f x , f y ͒ to an n ϫ m discrete channel matrix g͑t͒. Let us assume that each emitting element (transmitter) can be a spatial ␦ function positioned at different locations in x and y coordinates. 18 This situation can be formulated as
where p j is the transmitted power from every station in the transmitter group. For ease of calculation, we set the value of p j equal to P 0 / m in all the transmitters. Hence,
͑9͒
As a result, the received normalized optical signal in the spatial domain is given by
Now we have to integrate Eq. (10) over the detector surface in order to calculate the discrete matrix g͑t͒. Let ⌬ be the size of one detector (pixel) in the detector array; then the transfer element P a,b,j Ј ͑t͒ is given by
where a and b are indices of the pixel in the detector matrix. From Eqs. (8), (10) , and (11) 
where rem͑x , y͒ is the function that returns the remainder after the division x / y, and fix͑x͒ is the function that rounds the argument toward zero. We note that Eqs. (12) and (13) only rearrange the elements of r a,b Ј ͑t͒ and P a,b,j Ј ͑t͒ without loss of information. Now we define m-dimensional power transmission vector T for signal vector s͑t͒. The elements of T are given by
where G T and L T are the transmitter gain and loss, respectively; L FS is the free-space loss; and L R and G R are the receiver loss and gain, respectively. The expressions for these elements can be found in Ref. 16 . We suppress the matrix indices i and j for h i,j ͑t͒ and rewrite h͑t͒ in terms of its m n-dimensional columns
The relationship between h͑t͒ and g͑t͒ is
where R is the responsitivity of a single detector and is given by
where q is the electron charge, h is Plank's constant, is optical radiation frequency, and is quantum efficiency.
Assuming a single carrier wavelength, identical distance from the node to the end users and identical transmitter optics, we rewrite relation (16) as
where TЈ is given by
The term TЈ denotes the relationship ͑mP max ͒ / P 0 . Using this notation and assuming equal transmitted power from all transmitters, Eq. (18) is rewritten in the form
Finally, using Eqs. (2) and (20) the received signal can be formulated as
DETECTION ALGORITHM
We are now prepared to describe the detection process based on V-BLAST. 13 We take the m different signals to be statistically independent, but with identical OOK modulation. From Ref. 14, the three key steps of V-BLAST are (1) interference nulling, (2) interference canceling, and (3) detection order optimization. We note that in order to perform the proposed detection algorithm the coupling matrix g͑t͒ must be full-ranked. For the proposed communication model, the optical beams from single lasers are pointed toward an exclusive position on the detector array. Thus, the channel matrix is always fullranked except for the case of heavy scattering conditions, which are not discussed in this paper. Notably, the further research in the field of MEOWC may discuss the behavior of the coupling matrix for different configurations and weather conditions. Using Eq. (20) 
A. Interference Cancellation Step
In this subsection we implement the interference cancellation algorithm. Using the notations of relations (23) and (24) the received signal is
Based on the realization of h, components of z are reordered with a subscript denoting the order in which they are to be detected. Thus, we can form new sets of z and h as
Let us assume that the receiver has detected the first j −1 z͑·͒ and that the previous j − 1 decisions were correct. The issue of probability of the erroneous decisions on that stage is addressed in Section 5: the BLER calculation. Based on the new ordering of Eqs. (26) and (27), we rewrite Eq. (25) in the form
The sum in the first set of brackets is a set of correctly detected signal components. These components are subtracted from Eq. (28) using the zero forcing decision feedback equalization (DFE) technique. 6 DFE allows us to reduce interference and to improve the decision statistics for yet undetected signals:
where the superscript on y denotes the order of the signal to be detected. We express the resulting n-dimensional vector y ͑j͒ as y ͑j͒ = ͓z ͑j͒ h ͑j͒ ͔ + ͓z ͑j+1͒ h ͑j+1͒ + z ͑j+2͒ h ͑j+2͒ +¯+ z ͑m͒ h ͑m͒ ͔ + .
͑30͒
Now we have a sum of the desired component, the interfering components, and the noise. In order to detect the desired component we need to null the interference.
B. Interference Nulling Step
In this subsection we implement the interference nulling step. The interference nulling separates the process of detecting z ͑j͒ in Eq. (30) Each of the n components of vector ͑j͒ is the sum of a known multiple A i of z ͑j͒ and the noise;
where subscript i refers to the element's position in the vector column. Thus, during the processing of ͑j͒ we have a setup of standard ratio combining. Now we can calculate the decision statistics for z ͑j͒ .
The decision statistic is given by the scalar product ͗ ͑j͒ , d ͑j͒ ͘ where d ͑j͒ is optimized for detection of an ͓m − ͑j −1͔͒ interference-free signal in vector AWGN. The d ͑j͒ vector is a set of spatial matched filters. Prudent choice of its elements makes it possible to scale the ͑j͒ and to form a decision statistic that is correct for the duration of the burst. The noise power of ͗ ͑j͒ , d ͑j͒ ͘ and the signal power in SNR ͑j͒ are both proportional to the squared norm ʈd ͑j͒ ʈ 2 . Thus, by applying the Cauchy-Schwarz inequality to the signal power term in the SNR ͑j͒ formulas, it can be shown that the SNR ͑j͒ is optimized when d ͑j͒ is any multiple of the noise-free received vector ͑j͒ . In order to improve the performance of the communication system we must optimize the order of the signals to be detected.
C. Optimization of Detection Order
The detection order optimization algorithm was developed by Golden et al. and Foschini et al.; for details on their processing scheme and proofs see Refs. 13 and 14. This algorithm is similar to the so-called "best-first" approach developed in Ref. 20 . We will use the original V-BLAST procedure that is, actually, totally applicable in our case (synchronized transmission and uncoded signal).
The detection algorithm described in the previous subsections was based on evaluation of signal via orthogonal projection and further cancellation of the recovered symbol sequences. Thus, we can say that a decision in any jth level of m symbol sequences influences the next ͑m − j͒ decisions. Consequently, an erroneous decision in any jth level corrupts yet undecided components. This undesirable situation can be avoided by optimization of detection order using the following criterion:
This expression means that the best detection order must maximize the lowest SNR. This problem is solved by global optimization of the detector order. The search for the optimal detection order may include m! SNR j calculations. This process can be very difficult and timeconsuming for a large number of the detectors m. Instead we implement the myopic reorganization procedure, which requires only approximately m 2 / 2 calculations of SNR j . It was proved by Foschini et al. in Ref. 14 that myopic optimization equals global optimization. However, we note that the myopic optimization is best suited for cases of large-scale interference.
The myopic optimization algorithm consists of a stack of generic, noise-free signal vectors ͕a , b , c , d , e , . . .͖ with corresponding SNR j . The order of the alphabetical symbols corresponds to the trial order of detection, but does not include the previously described DFE procedure. In other words, we perform the orthogonal projection for every signal, placing each signal in the first position in the stack in turn. In the next step we find a maximum SNR by calculating the norm of the recovered vector symbol and perform the DFE step. The same procedure is performed for the next set of signal vectors, placing each candidate vector in the second place in the stack and performing the projection only for m − 2 interference-affected signals and so on. The outcome of this procedure is an improved stack ͕m , b , a , d , l , . . .͖ that corresponds to the optimized detection order. Finally the improved SNR ͑j͒ is given by
where the signal-independent noise variance is given by 2 
where k is Boltzman's constant, R L is the load resistance, F n is the electronic noise figure of the system, T e is the equivalent temperature, q is the electron's charge, B is the electronic bandwidth, ⌬ is the filter bandwidth in micrometers, ⍀ is the receiver field of view, D is the receiver aperture diameter (in units of wavelength), N BG is the background spectral radiance in units of W/͑m 2 sr m͒ and I DC is the detector dark current. We also note that the scale factors B ͑j͒ of spatialmatched filters d ͑j͒ are calculated on the basis of the receiver's decision levels for binary signals and do not affect the SNR.
The procedures of ordering optimization and finding optimal spatial-matched filters d ͑j͒ are depicted in Fig. 3 . This procedure can be performed in a preamble phase of the burst after calculating the optical channel transfer function.
Using the decision statistic, obtained after the described detection steps, we perform the BLER calculation.
BLOCK ERROR RATE CALCULATION
In our scenario, the BLER describes the performance of the communication system. The choice of this parameter was motivated by the basic structure of the communica- tion system under consideration. The BLER is critical in determining the quality of network service provided to the end user. On the other hand, error decision in any single channel leads to erroneous decisions in the next levels, and as a result discredits the communication by lowering the quality of service (QoS) of the link. Thus, BLER is the crucial parameter for the estimate of communication system performance. To calculate BLER we use the SNR j vector that was generated in Sections 3 and 4. Let us assume that P e is the probability that a vector symbol for a single link has at least one error during the burst. Now, we calculate the probabilities over l disjoint events, which determines where the first error decision occurs. Then, the probability of the erroneous block (BLER) P b can be given by
The probability P e is found from summing the error probabilities over the m disjoint events, which yields
where P 2 is the probability of error for optical binary signals. For OOK modulation we have only a two-point constellation. It is possible to show that P 2 is given by The P 2 ͓SNR ͑j͒ ͔ decays exponentially; thus for low values of noise the BLER is approximated as
Note that Eq. (38) is not strictly correct in view of the fact that the decisions made at the previous levels bias the decisions at the subsequent levels. Hence, erroneous detection of the first symbol sequence leads to further detection errors and consequently to incorrect block detection. However, despite this, Eq. (41) is asymptotically correct.
PERFORMANCE EXAMPLES
In this section we display the results of sample simulations that were conducted on the basis of the detection algorithm described in Section 5. In our example the receiver of the wireless optical communication system is a 6 ϫ 6 square detector p-i-n matrix. The pixel size of each detector is ⌬ =50 m. The diameter of the receiving optics is D = 10 cm and the equivalent focal length is f =15 cm. The distance from the base station to the end user is Z = 2 km. Every transmitter is equipped with the same transmitting optics that restricts the laser beam diameter to W = 25 mm only. The single-laser emitted power is restricted by eye safety considerations to a maximum level of P 0 / m = 5 mW. The carrying optical wavelength is assumed to be = 1.55 m. The data rate for every link is R b = 0.5 gigabit/ s with OOK modulation. Further increase of the rate is restricted by the atmospheric turbulence and scattering model described in Section 3. Every burst includes l = 36 symbols. The end user utilizes the full capacity of the node, so the total number of transmitters is equal to the number of receiver-detectors m = n = 36. The separation between the transmitters is 67 cm. We ignore pointing error; in other words every signal spot is placed exactly in the center of the corresponding receiverdetector. We simulate different weather conditions for a horizontal path. Under these conditions it is common to encounter turbulence, 3 which is expressed in terms of the refractive index structure parameter C n 2 . Aerosol scattering and absorption coefficients are represented by parameters A a and S a . These parameters are included in the formulas of the aerosol scattering OTF and the turbulence OTF. 17 We consider these parameters as independent variables and accordingly calculate the corresponding SNR and BLER.
We consider the thermal noise in Eq. (36) the dominant term. We evaluate the performance of the described communication system with three electronic noise figures F n = ͕0.5 dB, 1 dB, 1.5 dB͖.
In order to estimate the signal interference we introduce the average interference factor ͗F I ͘, which is defined by
where s i is the signal received by the ith detector and is the maximum received signal for a transmission of z i , and I j is the undesired interfering signal reaching the ith detector from the jth transmitter. Thus, ͗F I ͘ represents the ambient conditions for the proposed signal processing technique. Figure 4 shows the dependence of ͗F I ͘ on the aerosol scattering coefficient S a for different A a and C n 2 . Here we see that aerosol scattering is the dominant phenomenon responsible for strong interference of optical links. Distortions of the laser spot caused by turbulence are less pronounced. However, conventional weather conditions usu- ally cannot be expressed by simple permutations of the turbulence and the aerosol scattering parameters. In other words, a strong turbulence phenomenon is highly unlikely in foggy weather and fog is highly unlikely in the presence of strong turbulence. Hence, for estimation of the weather conditions we use sets of the scattering and absorption coefficients and turbulence structure constant. 22 These sets are presented in Table 1 . Using the data from Table 1 we calculate the average interference factor ͗F I ͘ and normalized BLER. The normalized BLER is given by the relation PЈ = P b /m ͑43͒ Figure 5 presents the performance of our communication system for the cases of light haze, haze, thin fog, and light fog. The performance of a communication system with a conventional single PIN detector is also shown (dasheddotted curves filled markers). Note that the size of a single detector is three times larger than the size of the pixel in the detector array, i.e., ⌬ = 150 m. In this graph, the advantage of the proposed detection algorithm is clearly seen. Despite the high BERs for foggy weather the detector array communication system has a significant advantage in SNR over the scheme with a single detector.
CONCLUSIONS
This paper describes optical communication through the atmosphere. The V-BLAST-based MIMO algorithm for robust performance of MEOWC employing MEODA is proposed. The atmospheric OTF approach is used for finding the channel transfer function. Calculation of the BLER was carried out for different atmospheric conditions. The main conclusion of this work is that use of a detector array instead of a single detector improves the performance of an OWC system and boosts the data rate. For further improvements, various error-correction techniques may be used in association with the proposed detection method. A related important issue is the normalization of the power in the channel matrix. The typical approach in RF systems is to normalize this power to the product of the number of transmit antennas. However, this crucially depends on the spatial scattering argument and the energy capture by large-aperture arrays. 23, 24 This power normalization would obviously impact the SNR comparison with a single antenna system and obviously relates to the nature of optical scattering. We assume that this is the topic of further research. An inference of this work is that optical wireless multilink communication is highly sensitive to weather conditions and especially to aerosol scattering phenomena. More detailed examination of the assumptions posed in this work for the case of aerosol scattering and turbulence is required to corroborate the theoretical work, and this should be the subject of further research. 
